A new variety of the recently developed technique 'X-ray bright-field imaging' is presented. In its basic version, this approach simultaneously yields diffractionbased information on lattice distortions and radiographic information on structural inhomogeneities, and is based on the detection of reversed diffraction contrast in transmission images. The new version extends the scope of the technique to the quantitative analysis of crystalline quality parameters such as the lattice plane curvature and mosaic distribution in SiC wafers, and makes it possible to correlate such parameters directly with defect (distortions/ inhomogeneities) structures.
Introduction
We recently demonstrated (Yi et al., 2006 ) that X-rays can yield bright-field (BF) images of crystalline systems similar to transmission electron microscopy (TEM); such images carry information both from diffraction/scattering phenomena (Authier, 2001) and from absorption and phase contrast (Cloetens et al., 1996; Snigirev et al., 1995; Hwu et al., 1999) . When (0001) 4H-SiC wafers are oriented to obtain a strong reflection in the Laue (transmission) geometry, our synchrotron X-ray transmission micrographs simultaneously yield diffraction-based information on lattice distortions and radiographic information on structural inhomogeneities.
Here we present an extension of this method to the quantitative analysis of crystalline quality based on well defined parameters. This new approach also explores the correlation between such macroscopic crystal quality parameters and their microscopic causes.
Experimental
The experiments were performed at the XOR 2-BM beamline of the Advanced Photon Source in the Argonne National Laboratory, USA. An energy-tunable monochromatic X-ray beam (bandwidth Á/ ' 1.5 Â 10 À4 ) was provided by an Si (111) double-bounce monochromator. Several samples of (0001) SiC wafers (0.3-0.45 mm thickness, 30-50 mm diameter) were prepared from different boules grown by the sublimation method. High-resolution transmission images were obtained by converting X-rays into visible light with a CdWO 4 scintillation crystal and then focusing the light into the 1k Â 1k CCD chip through a 20Â objective lens, reaching a 0.65 mm effective pixel resolution. The optically coupled CCD system was placed 200 mm away from the sample to obtain radiographic phasecontrast in transmission images. The typical exposure time was a few seconds. By detecting the diffracted beam, we also obtained the complementary dark-field (DF) images; in this case, the CCD system was placed 5 mm from the sample to enhance the spatial resolution, and the typical exposure time was a few tens of seconds.
The principle of BF imaging is to detect features created by reversed diffraction contrast in the transmission images. In principle, such features can appear in the transmission images at any X-ray photon energy E or sample position angle ! (the angle between the wafer surface normal and the incident beam) as long as the Bragg condition is satisfied. In practice, however, their effective detection requires the use of a single reflection with a high structure factor. Theoretical simulations and empirical tests led us to select the 1120 plane as the optimal reflection for BF imaging in SiC.
In order to analyze local lattice distortions, we performed photon energy scans rather than using sample rotations. The advantage is that the illuminated sample area is constant during a photon energy scan. The scan was limited to a range corresponding to no Bragg reflection other than the 1120 reflection; the scan step was much smaller than E-scan width. Fig. 1(a) shows an example of a BF image for the 1120 reflection condition (! = 17 , E = 13.57 keV) obtained from a (0001) 4H-SiC wafer. The black arrows identify micropipes [hollow core superdislocations (Frank, 1951) ] penetrating through the wafer thickness. Border enhancement by phase contrast makes these very small (0.1-1 mm diameter) features clearly visible (Gutkin et al., 2003) . Additional dark features marked by the white arrows are explained by Bragg diffraction, as confirmed by the corresponding bright diffraction intensity features in the DF image of Fig. 1(b) , and specifically reveal strain-related lattice distortions.
Results and discussions
In order to evaluate quantitatively the sensitivity of BF imaging to Bragg diffraction, we investigated the E-dependence of integrated intensity of the BF images and compared it with that of the DF images. As shown in Fig. 1(c) , the BF E-scan intensity profile exhibits reversed feature with respect to the DF profile, confirming that the dark features in the BF image result from the depletion of X-rays due to Bragg diffraction. We note that the peak position and the full width at half-maximum (FWHM) of the BF profile are exactly the same as those of the DF profile. This indicates that BF imaging can be as sensitive to diffraction effects as DF imaging, suggesting that BF imaging can be used to evaluate quantitatively the crystalline quality.
X-ray BF imaging offers relevant advantages with respect to diffraction (DF) imaging: firstly, it provides information both in the real space and in the reciprocal space, making it possible to reveal correlations, whereas this is not feasible with DF images. Furthermore, the information delivered by DF micrographs is in general more limited; for example, they cannot reveal structural inhomogeneities. Finally, BF imaging allows a one-to-one correlation between sample and image, whereas in DF imaging the correlation can be influenced by overlap and/or separation of diffracted X-rays with different directions (Huang et al., 1999) .
We now turn our attention to the use of BF imaging to assess crystal quality aspects in a quantitative fashion. The basis is to obtain rocking curve information from the BF E-scan profiles, using the following differential form of Bragg's law:
where the lattice parameter variations are assumed to be negligible (Seitz et al., 2006) . As shown in the inset to Fig. 1(c) , the rocking width of the sample discussed above is as broad as 0.036 , consistent with the strong lattice distortions seen in the BF image. We will first discuss the use of BF imaging for the quantitative characterization of the lattice plane curvature. Figs. 2(a)-2(c) show a series of BF images taken with different E values for a (0001) 6H-SiC wafer. Note the long dark contrast features corresponding to 'bend contours' (BCs; Fultz & Howe, 2000) . The BCs gradually move along the direction perpendicular to the contours as the value of E changes. The presence and the movement of the BCs are related to curved lattice planes. As schematically illustrated in Fig. 2(d ) , the local tilts of the curved lattice planes produce different diffraction events (D1, D2 and D3) corresponding to the different photon energies (E1, E2 and E3). As a result, the BCs show up at different positions (T1, T2 and T3) in the images.
As illustrated in Fig. 2 (e), using equation (1) we could estimate the spatial distribution of the lattice tilts of the ð11 2 0Þ planes along the black X direction perpendicular to the contours, indicated in Fig. 2(b) . The origins of the tilt and the X position in Fig. 2(e) were taken from the local lattice plane of the bend contour in Fig. 2(b) . From the tilt distribution, we could identify the curvature as convex and estimated its radius as $5.8 m. This provides a practical exemplification of a simple BF-based way to analyze quantitatively the spatial distribution of lattice tilts.
Next, we discuss the use of BF imaging to investigate the crystalline quality and its microscopic causes. Fig. 3 shows three examples of rocking curves (left) and representative BF images (right) obtained from three different (0001) 6H-SiC wafers. It is interesting to relate the properties of each rocking curve to the corresponding BF image. The 'overall' rocking curve of Fig. 3(a) , obtained from the entire area of the BF image of Fig. 3(b) (for the same wafer as Fig. 2) , exhibits a broad profile with multiple peaks, similar to the frequently observed features in the rocking curves of conventional X-ray diffractometry for sublimation-grown SiC crystals (Glass et al., 1993) . Such broad profiles are commonly explained in terms of domain structures (Ha et al., 2002) . In our case, however, the bend contours in the BF image indicate that the rocking-curve broadening is due to the lattice plane curvature rather than mosaic distribution.
The broadening can be analyzed in detail by examining rocking curves for localized sample areas (Lü bbert et al., 2005) . The curves A-C in Fig. 3(a) are from the corresponding local regions in Fig. 3(b) . Interestingly, curve B from a region including a micropipe (MP) exhibits a broad mosaic distribution with multiple peaks, indicating strong lattice distortions around the micropipe. Curves A and C obtained for MP-free regions exhibit narrow widths ($0.01 ), indi-cating high structural quality. Together with such narrow widths, the differences in the peaks confirm that the wafer has lattice plane curvature rather than mosaicity. Fig. 3(c image [ Fig. 3(d ) ] shows a region with high MP density and with a bend contour. The E-dependence of the bend contour movement (data not shown) revealed a large radius ($18.4 m) of the lattice plane curvature, consistent with the peak differences of the local-area rocking curves A and C in Fig. 3(c) . The broad mosaic distribution in the rocking curve B reflects the fact that local lattice distortions occur around MPs. Note the high density of the lattice distortion sites in the SiC wafer for which the overall strain is reduced, as indicated by the large radius ($18.4 m) of the lattice plane curvature. Based on this result, we can attribute the formation of MPs to the accommodation of curvature-related strains during the crystal growth.
Quite interestingly, we observe a very narrow mosaic distribution with FWHM 0.005 in Fig. 3(e) , obtained from yet another wafer. The orthogonal network of black lines in the BF image of Fig. 3 ( f ) reveals small-angle grain boundaries (GB), identified by the fact that its features do not change with E. This indicates that, in spite of the narrow mosaicity, the crystalline quality is very poor. Such a result provides a good example of the fact that the analysis of the crystalline quality solely based on rocking curve analysis can lead to mistakes; at the same time, it shows once again the power of BF imaging in the analysis of crystalline quality and defects.
Conclusion
We demonstrated a practical method to extend the scope of X-ray BF imaging to the quantitative analysis of crystalline quality parameters. Our approach was specifically applied to the quantitative evaluation of lattice plane curvatures and mosaic distributions in SiC wafers. These practical and successful tests open a simple way to correlate crystal quality parameters directly with defect structures and can be applied to a wide variety of crystalline systems.
